Deformation characteristics of a recycled AZ91 Mg alloy, obtained from machined chips by solid state recycling, were investigated by conducting tensile tests between room temperature and 773 K in the strain rate range of 3:3 Â 10 À2 -3:3 Â 10 À4 s À1 . Tensile properties of the recycled specimen were compared with those of a reference specimen. The elongation to failure of the recycled specimen was lower than that of the reference specimen, except at room temperature and 753 K with 3:3 Â 10 À4 s À1 . The recycled specimen contained oxide contaminants whose size was À2 mm. Such oxide contaminants were responsible for the reduction in elongation to failure. The cavity formation due to the oxide contaminants was analyzed using existing theoretical models, and experimental results were compared with analytical results.
Introduction
Mg alloys are currently the lightest alloys used as structural metals, and Mg products have been utilized for structural applications, such as automobile parts and electric appliances. 1, 2) To increase the demand of Mg alloys, it is necessary to not only attain high material performance characteristics (e.g., high strength and high corrosion resistance) but also develop useful recycling processes. Some recycling processes, such as remelting, 3, 4) have been proposed and carried out. However, recycled Mg alloys often exhibit poorer service properties than virgin Mg alloys due to contamination.
Recently, recycling by a solid state process, that is, solid state recycling, has been proposed as a new recycling method for Mg alloy scraps. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In solid state recycling, Mg scraps, such as machined chips, are directly recycled by hot extrusion without remelting. Because microstructural control, such as grain refinement, can be achieved by thermomechanical treatment during recycling, recycled specimens show excellent mechanical properties 5) and superplasticity. 9) Recently, it has been reported that the AZ31 Mg alloy recycled by a solid state process with a severe deformation exhibits a higher strength at room temperature than the reference specimen subjected to the same thermo-mechanical treatment history. 12) The superior strength of the recycled specimen was due to dispersed fine oxide contaminants originating from scrap surfaces. On the other hand, the recycled specimen often showed a low elongation, particularly, at an elevated temperature. 9) The low elongation of the recycled specimen was attributed to the excessive cavity formation induced by oxide contaminants. 9) In general, second hard particles, such as intermetallic inclusions in metallic materials, become the sites for stress concentration and cavity nucleation. 16, 17) It is known that cavity nucleation is affected by the size and distribution of second hard particles and deformation conditions. [16] [17] [18] [19] [20] However, there were few quantitative and theoretical studies about recycled Mg. In the present study, tensile properties of the AZ91 Mg alloy recycled by a solid state process are investigated from room temperature to 773 K, and critical conditions for cavity nucleation in the recycled Mg alloy are discussed using existing theoretical models.
Experimental Procedure
Chips were prepared as scraps by machining an asreceived AZ91 Mg alloy block in a lathe without lubricants. The average width, length and thickness of the machined chips were 1.0, 3.0 and 0.1 mm, respectively. The machined chips were placed in a container with a diameter of 40 mm and extruded at 673 K with an extrusion ratio of 45 : 1 in air. For comparison, an extrusion was processed from an asreceived AZ91 Mg alloy ingot block under the same conditions as the extrusion made of machined chips.
A metallographic investigation was carried out by optical microscopy (OM) and transmission electron microscopy (TEM). The samples for TEM were prepared as follows. Thin foils parallel to the extrusion direction were cut from the recycled specimen and mechanically ground to a thickness of 60-70 mm, and then they were further thinned to about 20 mm by dimpling, followed by ion thinning until perforation. The grain size of the specimens, d, was measured by a linear intercept method using d ¼ 1:74L, where L is the linear interception size. 21) An oxygen image in the recycled specimen was detected by electron probe microanalysis (EPMA). The differential scanning calorimetry (DSC) analysis of the recycled and reference specimens was performed from room temperature to 873 K at a rate of 0.167 Ks À1 . Tensile tests were carried out from room temperature to 773 K in the initial strain rate range of 3:3 Â 10 À2 -3:3 Â 10
À4 s À1 . The tested specimens had a gauge length of 5 mm and a gauge diameter of 2.5 mm. The tensile axis was parallel to the extrusion direction. The grain boundary sliding of the deformed specimens was investigated by scanning electron microscopy (SEM). Figure 1 shows the oxygen image obtained by EPMA for the recycled specimen, where the extrusion direction is horizontal. Strong oxygen peaks were locally observed. The interval of the strong oxygen peaks was about 10-20 mm. The oxides were obtained from the surfaces of machined chips during hot extrusion. 10, 12) TEM images of the recycled specimen are shown in Fig. 2 . Particles with the diameters of 0.3-2.0 mm were distributed in the recycled specimen. By EDS analyses, these particles were found to exhibit strong oxygen peaks, indicating that the particles are oxide contaminants. The particles were observed not only at grain boundaries, but also in grains, as shown in Fig. 2 . More particles were located at the grain boundaries than in the grains.
Results
Microstructures of the recycled and reference specimens are shown in Fig. 3 , where the extrusion direction is vertical. The grain sizes were 14.1 mm for the recycled specimen and 13.5 mm for the reference specimen. Thus, dynamic recrystallization occurred during hot extrusion. 22) The oxide particles in the recycled specimen did not affect recrystallization and grain growth behavior during hot extrusion because the extrusion ratio was low. 12) Tensile properties of the recycled and reference specimens at room temperature are summarized in Table 1 . The recycled specimen showed a good combination of high ultimate tensile strength of 348 MPa, high 0.2% proof stress of 255 MPa and large elongation to failure of 12.0%. These values of the recycled specimen were similar to those of the reference specimen. Note that no reduction in elongation due to the presence of contaminants was induced at room temperature. Figure 4 shows the variations in ultimate tensile strength and elongation to failure as a function of temperature for the recycled and reference specimens, where the strain rate is 3:3 Â 10 À3 s À1 . Both specimens showed the same behavior in terms of tensile strength under the testing conditions investigated. However, there were large differences in elongation between the recycled and reference specimens in the temperature range from 473 to 753 K. For example, the reference specimen exhibited a large elongation of 200% at 673 K; however, the elongation of the recycled specimen was Deformation Characteristics of Recycled AZ91 Mg Alloy Containing Oxide Contaminants50% at 673 K. Note that the elongations at 473-573 K were lower than that at 373 K for the recycled specimen. The DSC analysis showed that there is no difference in solidus temperature (758 K) between the recycled and reference specimens. It is of interest to note that the elongation of the recycled specimen is similar to that of the reference specimen at a temperature near the solidus temperature. Figure 5 shows the variations in stress and elongation to failure at 673 K as a function of strain rate for the recycled and reference specimens. The stress is defined as the maximum true stress. The elongation at 673 K for the recycled specimen was lower than that for the reference specimen. Both specimens showed a high strain rate sensitivity of 0.4 at 3:3 Â 10 À4 s À1 . The high strain rate sensitivity suggests that grain boundary sliding occurred. 23) Cavity formation is enhanced by hard particles because stress concentration is induced at hard particles during grain boundary sliding. 17, 19) Therefore, it is suggested that the deterioration of the elongation of the recycled specimen is attributed to the excessive cavity formation induced by the oxide contaminants. 9) Figure 6 shows the variations in stress and elongation to failure at 753 K as a function of strain rate for the recycled and reference specimens. The strain rate sensitivity of the reference specimen was 0.3 at 753 K with 3:3 Â 10 À4 s À1 , indicating that the deformation mechanism of the reference specimen is a glide-controlled dislocation creep. 24) On the other hand, the recycled specimen showed a higher strain rate sensitivity of 0.5 at 753 K with 3:3 Â 10 À4 s À1 than the reference specimen. Note that the elongation of the recycled specimen increased with decreasing strain rate and became the same as that of the reference specimen at the lowest strain rate of 3:3 Â 10 À4 s À1 . The increase in elongation with decreasing strain rate was also observed in the previous study. Figure 7 shows side surfaces of the specimens deformed at 753 K with 3:3 Â 10 À4 s À1 . The recycled specimen showed a clearer and finer bumpy surface than the reference specimen, indicating that grain boundary sliding occurs more extensively in the recycled specimen. This is in agreement with the finding indicating that the recycled specimen shows a higher strain rate sensitivity of 0.5 than the reference specimen. 100 µm 100 µm . The grain sizes of the recycled and reference specimens were 20.0 and 65.6 mm, respectively. Thus, grain growth occurred more extensively during deformation in the reference specimen. It is known that a fine-grained microstructure is obtained in Mg alloy extrusions processed from rapidly solidified powders because the oxide contaminants from powder surfaces suppress grain growth during hot extrusion. 25, 26) Similarly, dispersed oxide contaminants in the recycled specimen play a vital role in the suppression of grain growth, resulting in a fine-grained microstructure.
5)
12) Therefore, the smaller grain size of the recycle specimen after deformation at 753 K is likely to be attributed to the suppression of grain growth by the oxide contaminants.
Discussion
The previous study 9) showed that the excessive cavity formation due to the contaminants results in a lower elongation in the recycled specimen than the reference specimen. However, in the present work, the elongations of the recycled specimen were similar to those of the reference specimen at room temperature and temperatures immediately below the solidus temperature. The elongation of the recycled specimen is strongly affected by the cavity formation due to contaminants. Hence, it is worthwhile to investigate the relationship between the deformation characteristics and the cavity formation due to the oxide contaminants for the recycled specimen. In this session, critical conditions for cavity nucleation induced by the oxide contaminants are analyzed using existing theoretical models, and the obtained results are compared with the experimental results.
Cavity nucleation at room temperature
Tanaka et al. 18) developed a model for cavitation at the interface of a spherical inclusion in a plastically deformed matrix under uniaxial stress, based on the energy calculation in and around the inclusion following Eshelby's transformation problem. According to the energy criterion proposed by Tanaka et al., the critical strain that causes cavitation at a hard inclusion, " crit , is given by 18) 
where d p is the diameter of a hard inclusion, m is Poisson's ratio of a matrix, p is Poisson's ratio of particles, and is the ratio of Young's modulus of the hard inclusion to that of the matrix. In addition, the critical strain for cavitation can be estimated from the viewpoint of the stress criterion where cavitation occurs when the maximum normal stress reaches the theoretical stress of the weaker side. 18) The critical strain that causes cavitation at a hard inclusion for the stress criterion is given by 18) 
The variation in critical strain for cavitation as a function of MgO particle size in Mg is shown in Fig. 10 27) In addition, the experimental results for the recycled specimen, that is, the oxide contaminant size of 2 mm and the strain to failure of 0.12, are superimposed. It can be observed from Fig. 10 that the Extrusion direction 40 µm Fig. 8 Microstructure of the recycled specimen deformed to fracture at 753 K with 3:3 Â 10 À4 s À1 , where the tensile direction is horizontal. Fig. 9 Microstructure of the reference specimen deformed to fracture at 753 K with 3:3 Â 10 À4 s À1 , where the tensile direction is horizontal.
µm

Extrusion direction
Deformation Characteristics of Recycled AZ91 Mg Alloy Containing Oxide Contaminantscritical strain for cavitation is inversely proportional to the square root of the particle size for the energy criterion; however, it is independent of the particle size for the stress criterion. Ashby 16) developed another stress criterion model, where internal stress around an inclusion is relaxed by dislocation punching, and showed that the critical strain for cavitation is inversely proportional to the particle size for the stress criterion. However, Tanaka et al. 20) suggested that when the dislocation loop can freely be punched out, the critical strain for cavitation is independent of the particle size even in the case of the punching out of the dislocation loop. Therefore, the particle size dependence of cavitation may be accounted for only by the energy criterion.
The critical strain for cavitation in the recycle specimen was calculated to be 0.36 for the stress criterion and 0.014 for the energy criterion when the particle size was 2 mm. These values suggest that no cavitation due to the oxide contaminants in the recycled specimen for the stress criterion occurs; however, cavity nucleation is induced for the energy criterion. The energy criterion is not always the necessary and sufficient condition for cavitation. When the formation of vacancy loops, which is controlled by the stress criterion, plays an important role in cavitation, the stress criterion should be considered.
18) The experimental results of the present investigation showed that the elongation to failure at room temperature for the recycled specimen is similar to that for the reference specimen. Therefore, it is suggested that a gradual development of a cavity by the formation of vacancy loops is critical for failure in the recycled specimen.
Very large inclusions of more than 10 mm often have a harmful effect on ductility, suggesting that the energy criterion is effective for large inclusions. 18) In the present work, the oxide surfaces of machined chips were torn during extruding and finally dispersed as fine particles of À2 mm. Therefore, it is suggested that the high ductility at room temperature for the recycled specimen is attributed to the refinement of the contaminants during extruding.
In the previous study, 5) an AZ91 recycled specimen extruded at 673 K showed a lower elongation (7.7%) than a reference specimen, that is, an extrusion processed from a cast ingot (10.0%) at room temperature. The initial shape and size of machined chips are important factors for the control of the contamination level of oxides in the recycled specimen. 12, 28) The utilization of finer machined chips results in a larger oxide contaminant concentration in the recycled specimen. Thus, it is presumed that the aggregation of oxide particles originating from finer machined chips is responsible for the deterioration of elongation in the recycled specimen in the previous study.
5)
The above discussion is based on the assumption that the oxide contaminant is MgO. It is known that an air-formed oxide film of Mg-Al alloy is mainly composed of MgO and Al 2 O 3 .
29) The analyses of Al 2 O 3 in Mg were performed; however, the results for Al 2 O 3 , which were the same as those for MgO, were omitted in the present paper.
Cavity nucleation at elevated temperature
At an elevated temperature, when the stress concentration at a particle is relaxed by diffusion, no cavity nucleation is induced by hard particles. The stress concentration at hard particles can be estimated from the critical diffusion length parameter: 17) when the particle diameter is less than the critical diffusion length, the stress concentration at the particles can be relaxed by diffusion and no cavitation is induced at the particles. The critical diffusion length for grain boundary diffusion (Á GB ) can be given by 17, 30) 
where is the atomic volume ( ¼ 2:3 Â 10 À28 (m 3 ) for Mg), 31) is the boundary thickness, D GB is the grain boundary diffusion coefficient (D GB ¼ 5:0 Â 10 À12 expðÀ92000=RTÞ (m 3 /s) for Mg, R being the gas constant (¼ 8:3 J/mol K)), 31) is the stress, is the fraction of the total tensile strain accommodated by grain boundary sliding ( ¼ 0:6), 17) d is the grain size, k is the Boltzmann constant (¼ 1:38 Â 10 À23 J/K), T is the absolute temperature and _ " " is the strain rate. The variation in critical diffusion length for grain boundary diffusion as a function of (D GB =dT _ " ") is shown in Fig. 11 . The experimental results (i)-(vi) for the recycled specimen in Figs. 5 and 6 are superimposed in Fig. 11 , where the grain size is set to be 17.5 mm at 673 K and 20.0 mm at 753 K, respectively. The maximum size of the oxide contaminants was determined to be 2 mm by TEM observation. It can be observed that the critical diffusion lengths under the conditions of the experimental results (iii), (v) and (vi) are larger than the maximum size of the contaminants. In particular, the critical diffusion length in the case of the experimental result (vi) is much larger, indicating that the stress concentration at the contaminant particles can be relaxed sufficiently under the condition of the experimental result (vi). This is proved by the experimental finding indicating that the elongation of the recycled specimen is similar to that of the reference specimen under the condition of the experimental result (vi). Although the critical diffusion lengths under the conditions of the experimental results (iii) and (v) are slightly larger than the maximum size of the contaminants, the elongations of the recycled specimen are lower than those of the reference specimen under the conditions of the experimental results (iii) and (v). This may be due to the assumption that the contaminants are spherical. The oxide contaminants were observed not only at the grain boundaries but also in the grains, as shown in Fig. 2 . The critical diffusion length for lattice diffusion (Á L ) can be given by 19, 32) 
where D L is the lattice diffusion coefficient (D L ¼ 1:0 Â 10 À4 expðÀ135000=RTÞ (m 3 /s) for Mg). 31) The variation in critical diffusion length for lattice diffusion as a function of (D L =T _ " ") is shown in Fig. 12 . The experimental results (i)-(vi) for the recycled specimen in Figs. 5 and 6 are superimposed in Fig. 12 , where the grain size is set to be 17.5 mm at 673 K and 20.0 mm at 753 K, respectively. The critical diffusion lengths are much smaller than the maximum contaminant size under any conditions of the experimental results. This suggests that stress concentration occurs at the contaminants located in the grains. In the present work, many contaminants were located at the grain boundaries and there were few contaminants located in the grains in the recycled specimen. In addition, the dominant deformation process at elevated temperatures for the recycled specimen was grain boundary sliding. Therefore, the harmful effect of the contaminants located in the grains is negligible in the recycled specimen. Indeed, cavity formation occurred only at the grain boundaries in the AZ31 reference specimen, 9) suggesting that the grain boundaries are the preferred cavity nucleation sites of Mg alloy. A quantitative investigation of cavity formation in grains and at grain boundaries in the recycled specimen is in progress.
The above analytical results showed that the contaminants located in the grains have a greater harmful effect on ductility at an elevated temperature than those located at the grain boundaries. Therefore, it is suggested that a fine-grained microstructure is desirable for obtaining high ductility at an elevated temperature because more contaminants are located at the grain boundaries.
Conclusions
Deformation characteristics of a recycled AZ91 Mg alloy, which was made of machined chips by solid state recycling, containing oxide contaminants of À2 mm were investigated by conducting tensile tests from room temperature to 773 K with 3:3 Â 10 À2 -3:3 Â 10 À4 s À1 , and the tensile properties of the recycled specimen were compared with those of a reference specimen. The obtained results are summarized as follows.
(1) The recycled specimen showed a good combination of high ultimate tensile strength of 348 MPa, high 0.2% proof stress of 255 MPa and large elongation to failure of 12.0% at room temperature. These values of the recycled specimen were similar to those of the reference specimen. It is noted that no reduction in elongation due to oxide contaminants is induced at room temperature. (2) The critical strain for cavitation in the recycled specimen was calculated to be 0.36 for the stress criterion and 0.014 for the energy criterion. Therefore, it is suggested that a gradual development of a cavity by the formation of vacancy loops is critical for failure in the recycled specimen. (3) At temperature of 473 K and above, the elongations of the recycled specimen were lower than those of the reference specimen. However, at 753 K, which is immediately below the solidus temperature, the elongation of the recycled specimen increased with decreasing strain rate and became the same as that of the reference specimen at 3:3 Â 10 À4 s À1 . (4) It is suggested from the theoretical model using the critical diffusion length that the stress concentration induced by the contaminants located at grain boundaries can be relaxed sufficiently by grain boundary diffusion at 753 K with 3:3 Â 10 À4 s À1 . This is proved by the experimental result obtained at 753 K. (5) Analytical results showed that the contaminants located in grains have a greater harmful effect on ductility at elevated temperatures than those located at grain boundaries. However, in the recycled specimen, many contaminants were located at grain boundaries and the 0.5x10 -6 1.0x10 -6 1.5x10 -6 2.0x10 Deformation Characteristics of Recycled AZ91 Mg Alloy Containing Oxide Contaminantsdominant deformation process at elevated temperatures was grain boundary sliding. Therefore, the harmful effect of the contaminants located in the grains is probably negligible in the recycled specimen.
